Ambrosia beetles in the subfamily Platypodinae (Coleoptera: Curculionidae) have been farming fungi for over 50 million y, yet they remain understudied and most of their fungal symbionts are unknown. We identified fungal communities associated with all four platypodine species native to the southeastern United States: Euplatypus compositus, Euplatypus parallelus, Myoplatypus flavicornis, and Oxoplatypus quadridentatus. Forty-eight samples were analyzed by quantitative culturing and DNA sequencing. Phylogenetic analyses of 28S rDNA sequences revealed that the four platypodines were routinely associated with several genera in the Ophiostomatales. E. compositus is associated primarily with Raffaelea campbellii 1 and Raffaelea sp. 6 and, to a lesser extent, Raffaelea sp. 2. M. flavicornis is associated with Raffaelea sp. 5. E. parallelus and O. quadridentatus are less specific; the latter mostly associated with Raffaelea cyclorhipidia. Three of the four beetle species were also associated with Ceratocystiopsis spp. This is the first report of Raffaelea associated with E. parallelus, which is invasive in Asia and Africa.
Introduction
The weevil subfamily Platypodinae comprises more than 1400 species, of which the vast majority are distributed in tropical regions and fewer than 10 species are found in wet temperate areas (Wood, 1993; Jordal, 2015) . All but two species in the subfamily Platypodinae maintain nutritional symbioses with fungal cultivars (Jordal, 2014) . Platypodinae and fungus-feeding Scolytinae have similar ecologies and together comprise the polyphyletic "ambrosia beetles". However, Platypodinae have a closer relationship with the weevil subfamily Dryophthorinae, which lacks fungal mutualists, than with the Scolytinae (McKenna et al., 2009; Gillett et al., 2014) . The subfamily Platypodinae is estimated to have arisen in the mid-Cretaceous (119e88 Ma), much earlier than Scolytinae and the other fungus-farming insects (Jordal, 2015) , and thus they represent the oldest known fungus-farming system.
As in scolytines, platypodine ambrosia beetles are typically attracted to dead or severely declining trees (Hubbard, 1896; Jordal, 2015) . They cultivate communities of fungi in galleries in trees as the sole food for their larvae (Nobuchi, 1993; Jordal, 2014) . Previous studies indicate that the symbiotic fungal communities from platypodines are dominated by ambrosia fungi in the genus Raffaelea (Ascomycota: Ophiostomatales) and other members of the Ophiostomatales, in addition to unrelated Ambrosiozyma yeasts (Beaver, 1989; Kubono, 2002; Belhoucine et al., 2011; Bellahirech et al., 2014; Dreaden et al., 2014; Musvuugwa et al., 2015; Yun et al., 2015; Hulcr and Stelinski, 2017) . Symbiotic fungi function primarily as a nutritional resource but in several cases have been shown to be important plant pathogens (Six, 2003; Kobayashi and Ueda, 2005; Kinuura and Kobayashi, 2006) . As vectors of pathogenic fungi, some platypodines are considered forest pests (Kile and Hall, 1988; Massoumi Alamouti et al., 2009; In acio et al., 2012a) . Their associated fungi cause staining of the wood around the galleries (Fig. 1) , resulting in the downgrading of timber quality (Beaver, 2013) . Platypus quercivorus and its fungal symbiont, Raffaelea quercivora, cause significant mortality of oak trees in Japan (Kubono, 2002; Ito et al., 2003) . Similarly, Platypus cylindrus is capable of killing European oaks, assisted by its nutritional symbiont Raffaelea montetyi (Belhoucine et al., 2011; In acio et al., 2012a) . Megaplatypus mutatus, which is associated with several Raffaelea species, attacks tree plantations in Argentina and Italy (Alfaro et al., 2007; Ceriani-Nakamurakare et al., 2016) .
The study of ambrosia beetles and their symbiotic fungi is increasingly important as the international trade in lumber continues to grow and more exotic species are introduced (Brockerhoff et al., 2006) . Although platypodines and their fungi have received some attention in Asia, Europe, and Oceania (Faulds, 1977; Kubono, 2002; In acio et al., 2012a; Tarno et al., 2016) , the fungal symbionts of the American fauna are poorly known (Batra, 1963; Farris and Funk, 1965; Ceriani-Nakamurakare et al., 2016) . Compared with the high diversity of platypodine species in Asia, Africa, and the Neotropics, few species inhabit North America, with only seven species described to date (Wood, 1993) . Four of these, Euplatypus compositus, Euplatypus parallelus, Myoplatypus flavicornis, and Oxoplatypus quadridentatus, are present in the southeastern United States (Atkinson, 2004) .
The fungi associated with the four platypodines from the southeastern United States have not previously been studied. Two of these species, M. flavicornis and O. quadridentatus, are unusual in that their biology has never comprehensively been studied, let alone their relationships with symbiotic fungi. Based on previous collection information, M. flavicornis usually infests recently dead pine trees (Pinus) along with pine-feeding bark beetles (Curculionidae: Scolytinae), whereas O. quadridentatus prefers oak (Fagaceae) (Atkinson and Peck, 1994; Atkinson, 2004) . E. compositus and E. parallelus are locally common and easily attracted to light traps. In the few reports of fungal isolations from southeastern platypodines, Batra (1963) and Verrall (1943) isolated the yeast fungus Ambrosiozyma monospora from E. compositus in Mississippi. E. parallelus is native throughout the tropical and subtropical regions in the Americas, but it has recently become an invasive species internationally and is now found throughout Africa, Asia, and parts of Oceania (Beaver, 2013; Gillett and Rubinoff, 2017) . This beetle species has been reported to attack living rubber trees Hevea brasiliensis in Brazil (Pereira da Silva and Putz, 2013) and China , as well as Indian rosewood, Dalbergia sissoo, in Bangladesh (Boa and Kirkendall, 2004) . Several reports from Asia indicated it as a suspected vector of fungal pathogens of Burmese rosewood Pterocarpus indicus (Sanderson et al., 1996; Boa and Kirkendall, 2004; Bumrungsri et al., 2008; Tarno et al., 2016) .
Studying the fungal symbionts of platypodine species is difficult for three reasons: (1) Platypodine species often colonize deep within the lower trunk of large trees ( Fig. 1A ) (Atkinson and Peck, 1994) , making the collection of these beetles laborious.
(2) The presence and location of mycangia (organs where the nutritional symbiont is concentrated and transported to new host trees) of most platypodine species are uncertain despite the presence of superficial pronotal pits on several of these species (Nakashima, 1975; Wood, 1993; Hulcr and Stelinski, 2017) . (3) The phylogenetic placement of their most commonly reported fungal symbionts in the Ophiostomatales has not fully been resolved, leading to taxonomic uncertainty of recovered fungi. In contrast, scolytine beetles and their relationships with fungi are better known (Hulcr and Stelinski, 2017; Vanderpool et al., 2017) .
For the first time, we identified the fungal symbionts of all four Platypodinae species in the southeastern United States by using culturing techniques and community analyses. We explored the phylogenetic relationships among recovered ophiostomatalean fungi to accurately place our isolates among previously sequenced and analyzed isolates from platypodines as well as among ophiostomatalean fungi previously recovered from a diverse group of Scolytinae (Bumrungsri et al., 2008; In acio et al., 2012b; Tarno et al., 2016) . (Table 1) . To decrease the effect of opportunistic and transient commensal fungi that may have cross-contaminated samples through shared trees, every beetle sample was acquired from at least two locations or more than two trees from the same area, except for E. parallelus. Specimens that came from the same field sites were taken from different plant individuals at least 100 m apart. When possible, both adult males and females were taken from galleries and grouped in one sample. The beetle specimens were stored alive at room temperature with water-moistened sterile paper towels for 1 d after collection.
Materials and methods

Beetle collection
Fungal isolation
Isolation of fungi from ambrosia beetles is usually most efficient from their mycangia , but some Platypodinae lack superficial exoskeletal pits on the pronotum and it is unknown whether there are any internal mycangia ( Fig. 2A) . Therefore, sampling focused on recovering fungi separately from beetle heads, pronota, and surface washes. For galleries, only active galleries with developing larvae were sampled.
To decrease the amount of non-specific fungi superficially attached to the exoskeleton of trap-caught beetles, live beetles were first washed by vortexing for 10 s in sterile water. A second wash was performed using a solution of 1 ml water and one drop of Tween 80. Beetles were held with forceps under a dissecting microscope while the head, thorax, and abdomen were separated using a sterile scalpel as previously described (Fraedrich et al., 2008; Kasson et al., 2013) . The head and pronotum were transferred into 2 ml microcentrifuge tubes containing 1 ml phosphate buffer solution and crushed using sterilized micropestles. The tube containing a macerated body segment and second wash was then serially diluted and plated at concentrations of 1/10, 1/100, and 1/ 1000 on potato dextrose agar medium as described by Li et al. (2015) . The medium was amended with 0.05 g/L cycloheximide to limit growth of non-ophiostomatalean fungi (Harrington, 1981) . Colony forming units (CFUs) were counted for each morphotype. If the beetle was collected from wood, the surface layer of the gallery was scraped and plated. Fungi were allowed to grow at 25 C for Following incubation, 20 ml of 3% bovine serum albumin solution was added, and the mix was vortexed and spun down. The upper 20 ml of the supernatant was used as the PCR template.
PCR amplification was performed on portions of the 28S large subunit (LSU) ribosomal DNA (rDNA) loci using the primer pair LR0R/LR5 (Vilgalys and Hester, 1990) . Final PCR volumes of 25 ml consisted of 1 ml template DNA, 1 ml each of forward and reverse primer, 1 ml dimethyl sulfoxide, 12.5 ml Premix Taq™ (Ex Taq™ Version 2.0; Takara Bio, Inc.), and 9.5 ml sterile water. Excess primers and dNTPs in the amplified products were removed using the ExoSAP-IT kit (Affymetrix, Inc.) according to the manufacturer's instructions. Sanger sequencing was performed by the Interdisciplinary Center for Biotechnology Research (ICBR) at the University of Florida (Gainesville, FL) or GENEWIZ (South Plainfield, NJ).
Fungal identification, taxa assignment, and phylogenetic analyses
Sequence chromatograms were inspected for quality and assembled in Geneious 9.1.5 (https://www.geneious.com/). Identification of sequences was first made to the lowest reliable taxonomic rank via NCBI BLAST ® (https://blast.ncbi.nlm.nih.gov/Blast. cgi). Sequences of sufficient length and quality were selected and binned into operational taxonomic units (OTUs) at 100% similarity. The fungi identified as ophiostomatalean were further classified using phylogenetic analysis because these fungi are known to be widely crucial to platypodine beetle biology and because this group is not well represented or curated in GenBank. We also reconfirmed that the morphology of each isolate corresponded to its molecular identity. For isolates that were lost to contamination, which is not uncommon among slow-growing Raffaelea and close allies, identification was inferred by sequences of representatives from the same morphotype (e.g., two isolates from E. parallelus).
Reference LSU sequences from representative Raffaelea species (Simmons et al., 2016) were included in phylogenetic analyses (Supplementary Table 1 ). The Akaike information criterion in jModeltest 2.1.10 (Guindon and Gascuel, 2003; Posada, 2008 ) was used to select the nucleotide substitution model GTR þ I þ G. Bayesian inference analyses were performed using MrBayes 3.2.6 (Ronquist and Huelsenbeck, 2003) , and maximum likelihood analyses were performed using RAxML2.0 (Stamatakis, 2014) 
Data analysis
Fungal CFU and frequency data were processed using Microsoft Office Excel 365 ProPlus. For specimens collected from wood, we counted all the fungal isolations of each male and female pair together as one sample in CFU and frequency statistics. In our mycobiota, as well as quantitative analysis, different species of Saccharomycetales yeasts (Candida spp., Pichia spp., or Ambrosiozyma spp.) and Hypocreales (Fusarium spp.) were lumped in each category without further identification to genus or species level. Although ubiquitous in beetle fungal communities, yeast and Fusarium spp. are not primary mutualists (with the exception of the ambrosial Fusarium associated with Euwallacea, unrelated to platypodine beetles; Kasson et al., 2013; Kostovcik et al., 2015; Musvuugwa et al., 2015; Yun et al., 2015; Bateman et al., 2016; Ceriani-Nakamurakare et al., 2016; Hulcr and Stelinski, 2017) . The yeast genus Ambrosiozyma contains putative associates of platypodine beetles, but our morphotype screening approach did not have the necessary resolution to reliably distinguish Ambrosiozyma species from other yeasts. Fungal morphotypes found in only a single beetle were not included.
Results
Sequencing and phylogenetic analysis
In total, 66 ophiostomatalean fungal isolates were recovered from 48 platypodine beetles across the southeastern United States. Based on 100% sequence similarity with known LSU sequences, 44 fungal isolates representing 12 fungal OTUs in Raffaelea were recovered, along with two fungal isolates representing two fungal OTUs in Esteya, one fungal isolate representing one fungal OTU in Leptographium, eight fungal isolates representing two OTUs in Ophiostoma, and 11 isolates representing four OTUs in Ceratocystiopsis ( Fig. 3 ; Table 2 ).
Nineteen ophiostomatalean species spanning five genera were identified ( Table 2) . All Raffaelea isolates belonged to the Raffaelea s. str. clade except for one isolate of Raffaelea sp. 8, which belonged in the Raffaelea sulphurea complex. Every platypodine species was associated with at least one Raffaelea species. None of the fungi recovered belonged to the Raffaelea lauricola complex, members of which are known to cause the devastating laurel wilt (de Beer and Wingfield, 2013).
Fungal community analysis
E. compositus and O. quadridentatus were associated with the greatest diversity of Raffaelea species, each with four Raffaelea species. In E. compositus, two species, Raffaelea cf. campbellii 1 and Raffaelea sp. 6 appeared to be highly specific, as both were present in beetles from Georgia and Florida, and both were obtained in Florida during every collection. R. cf. campbellii 1 appeared conspecific with R. campbellii s. str. in our LSU-based phylogeny, but a previous analysis of this isolate by Simmons et al. (2016) using additional markers determined that our isolate is divergent from R. campbellii s. str.
The fungi of O. quadridentatus were less specific: all Raffaelea spp. were isolated in low quantities and CFUs. Only Raffaelea cyclorhipidia appeared in collections from three locations (D.C., Florida, and Virginia) but in low frequency (Tables 2 and 3) . Ceratocystiopsis sp. 1 and Raffaelea cf. campbellii 2 had a relatively high frequency in the D.C. and Virginia collections, respectively (Table 2) .
E. parallelus was associated with only one Raffaelea, Raffaelea sp. 7, which was isolated from all individuals (Tables 2 and 3) , though our sample was limited to five beetles from one location in south Florida. M. flavicornis was associated with three Raffaelea species, among which Raffaelea sp. 5 appeared with a relatively high frequency (Table 3) Fusarium was recovered from two platypodine species but was less common than Raffaelea. Saccharomycetales yeasts (Candida spp., Pichia spp., and Ambrosiozyma spp.) were abundant and present in most individuals.
Discussion
We report preliminary evidence of consistent and widespread species-level associations between platypodines and ophiostomatalean fungi, particularly Raffaelea. The oldest record of platypodineeophiostomatalean association in North America appears to be a fungus resembling Tuberculariella sp. (transferred to Raffaelea by Harrington et al., 2010) that was isolated from the beetle Treptoplatypus wilsoni (Farris and Funk, 1965) . Subsequent studies also routinely reported Raffaelea spp., but none was systematic enough to allow for quantification of the strength of the association (Payton, 1989; Kinuura, 2002; Bellahirech et al., 2014; Dreaden et al., 2014) . In some cases, Raffaelea isolated here were also previously reported from single platypodine species at different locations and times, such as two species of Raffaelea (sp. 6 and cf. campbellii 1) recovered from E. compositus in Florida and Georgia, and Raffaelea sp. 5 from M. flavicornis for 3 y. These repeated reports, corroborated here, suggested that R. cf. campbellii 1 and Raffaelea sp. 6 are the primary fungi of E. compositus and Raffaelea sp. 5 is the primary fungus of M. flavicornis. These three putative species were also isolated from their vectors with high frequency and yielded abundant CFUs from each individual.
E. parallelus is of particular importance because of its rapid global spread and its ability to vector wilt pathogens in Asia and Oceania (Bumrungsri et al., 2008; Beaver, 2013; Gümüş and Ergün, 2015; Gillett and Rubinoff, 2017) . Neither Raffaelea nor any other ophiostomatalean species were found during previous isolations of E. parallelus (Bumrungsri et al., 2008; Tarno et al., 2016) and Euplatypus segnis (Alvidrez-Villarreal et al., 2012) . This is the first study to use both quantitative culturing and Ophiostomatalesselective media, and we found that Raffaelea sp. 7 is associated with E. parallelus in Florida. Although our collections are limited to a single location in the United States, Raffaelea sp. 7 also appeared in E. parallelus from Hainan, China (Li et al., unpublished data) . The appearance of the same fungus in two geographically separate collections further suggests that the relationship between Raffaelea sp. 7 and E. parallelus is strong. The previous failure to isolate Fig. 3 . Best maximum likelihood tree from RAxML analysis of 28S rDNA. Values at nodes represent maximum likelihood bootstrap percentages 70% from a summary of 500 replicates, and branches in bold represent bootstrap percentages 95%. various time from the same location (single underline ¼ two times; double underline ¼ three times); numbers in parentheses after states mean total individuals we isolated from each location. Table 3 Colony forming unit range and frequency of fungal isolation. a
Raffaelea from E. parallelus is likely attributable to the use of nonselective, nutrient-rich media, where Fusarium and yeasts rapidly colonize the media, outcompeting the ophiostomatalean fungi. When isolations were performed on non-selective media, we also isolated abundant Fusarium and yeasts from E. parallelus (Li et al., unpublished data) . Thus we conclude that Raffaelea sp. 7 is the likely primary nutritional mutualist of E. parallelus. One Raffaelea species, R. cyclorhipidia, was consistently present with O. quadridentatus at different locations. Compared with R. cf. campbellii 2, R. cyclorhipidia is the more likely mutualist of O. quadridentatus, though this fungus was rarely isolated by us. O. quadridentatus specializes on diseased but still living oaks, similar to several other platypodine pests including P. quercivorus, P. cylindrus, and Platypus koryoensis, whose symbiotic fungi belong to the R. sulphurea complex (Kubono, 2002; Kim et al., 2009; Belhoucine et al., 2011; Simmons et al., 2016) . Our isolations indicate that the primary fungal associate of O. quadridentatus is not in that complex, even if the woody host range of the beetle is similar.
The phenomenon of multiple Raffaelea species being associated with a single beetle species has previously been recorded in the Platypodinae, such as in M. mutatus, P. quercivorus, P. cylindrus, P. koryoensis, Platypus hamatus, and Dinoplatypus flectus (Endoh et al., 2011; In acio et al., 2012a; Ceriani-Nakamurakare et al., 2016; Skelton et al., 2018; Park, pers. comm.) . However, this pattern should not be equated with lack of specificity. Instead, it appears that some non-specific Raffaelea species are widespread across several unrelated scolytine beetle tribes including Corthylini and Xyleborini, while other Raffaelea species are more specific and dominate their respective beetle vectors (Harrington et al., 2011; Biedermann et al., 2013; Kasson et al., 2013; Bateman et al., 2015; Simmons et al., 2016; Ploetz et al., 2017) . The lack of species-level fidelity among ambrosia beetles in general has been attributed to small mycangia (Nakashima, 1975; Nobuchi, 1993) . Many platypodines have small and variable mycangia including exoskeletal pores and internal sacs (Nakashima, 1975 (Nakashima, , 1979 (Nakashima, , 1982 Nobuchi, 1993) . On the other hand, ambrosia beetle groups with large mycangia have been suggested to be highly specific to a single species of their fungal symbiont (Mayers et al., 2015) . Although the morphology and location of mycangia may play a role in the fidelity of the symbiosis, we also note that most ambrosia beetle groups vectoring Raffaelea display a lack of fidelity, whereas the symbiont-specific beetles vector fungi belonging to other groups (Harrington et al., 2011; Kostovcik et al., 2015) . Therefore, specificity may be a feature of the fungus ecology rather than of the beetle morphology.
The analysis relies on the use of a single marker. The LSU region may not distinguish all species of Ophiostomatales, however in this dataset, its three variable regions were informative enough to distinguish different fungal communities between beetle species and classify most isolates to the species level. In addition, the LSU phylogeny presented here is almost completely congruent with the most recent LSU-and ITS-based phylogenies of Ophiostomatales Brown et al., 2014) .
Ophiostomatalean fungi associated with bark beetles can be variable in their spatial occurrence and seasonal succession (Linnakoski et al., 2016) . However, most Raffaelea species are obligate associates of their beetle vectors, and typically occur only in the wood that is well-colonized by the beetles (Hulcr and Stelinski, 2017) . While the season may have an influence on the fungus abundance in the wood, the beetle-fungus specificity does not seem to deviate with seasons.
In some platypodines, the location of the mycangia is yet to be discovered. In this study, only E. compositus and O. quadridentatus have visible exoskeletal pores on the pronotum (Fig. 2) , whereas E. parallelus and M. flavicornis lack the pores. It is possible that the latter two species have an unknown internal mycangium; our culturing did not reveal any particular body part with a conspicuous concentration of CFUs, hinting at a possible occurrence of an internal mycangium. Non-destructive 3-D visualization of mycangia is now possible, and recent studies have helped distinguish the pharyngeal mycangia of Premnobius cavipennis (Scolytinae: Ipini) from the pre-oral mycangia found in the distantly related Xyleborini ambrosia beetles (Bateman et al., 2017) . This new technique may prove useful for identifying and describing mycangia in platypodines.
We demonstrated that platypodine beetles, E. compositus, E. parallelus, and O. quadridentatus, have a moderate association with Ceratocystiopsis spp. Ceratocystiopsis is a genus of morphologically and molecularly distinct Ophiostomatales that are strongly associated with bark beetles and separate from the genus Ophiostoma (Zipfel et al., 2006; Seifert et al., 2013) . This genus appeared in three of the four studied beetle species. Previous reports have confirmed the presence of Ceratocystiopsis with platypodine beetles. In acio et al. (2012b) and Bellahirech et al. (2014) recovered Ophiostoma sp. (GenBank accession no. JF909532) from P. cylindrus that aligned with Ceratocystiopsis sp. 2 in our phylogenetic analysis (Fig. 3) . The specificity and ecological significance of the association between Ceratocystiopsis and platypodine beetles await further investigation.
The Saccharomycetales yeasts accounted for a significant proportion of the fungal community in the four studied platypodine beetle species, which agrees with other recent studies of platypodine beetles (Yun et al., 2015; Tarno et al., 2016; Skelton et al., 2018) . Preliminary results of co-culturing Raffaelea and some yeasts indicate that they are able to coexist (Yun et al., 2015) . This compatibility would allow both to grow together in the galleries of bark beetles (Davis, 2015) . Ambrosiozyma is a unique genus in Saccharomycetales yeasts because most of the species have been isolated exclusively from ambrosia beetles, hence the origin of the genus name (Kurtzman and Robnett, 2013) . Often multiple Ambrosiozyma species occur together with platypodine beetles and other ambrosia fungi in the same gallery (Endoh et al., 2011; Yun et al., 2015) . Their ecological role remains unclear, and their morphological uniformity prevented us from estimating their association fidelity as we did with filamentous ambrosia fungi.
Our study recovered a significant number of fungal species that appear to be new to science, despite the fact that they are mutualists of important insects in one of the most studied regions in the world. A much greater diversity of platypodine beetles e over 1400 species e resides in the tropics, but only a handful of species have been examined to identify their associated fungi. Furthermore, even the few studies that exist used methodology that is not always suitable for the recovery of the true symbionts. We strongly suggest that researchers use appropriate tools, including multiple types of media, and focus on the correct body part of the beetles to assure that this treasure trove of unexplored fungal diversity is reported accurately.
